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Abstract

This report demonstrates the systematic study of electronic, mechanical, and optical properties of

Fe; ,Coyalloy (x = 0.00,0.05,0.10, 0.15, 0.20, and 0.25) using plane wave ultrasoft pseudopotential
based on spin-polarized density functional theory. The upshots expose overlapped of valence and
conductance states and confirms electronic bands polarization. The energy bands are significantly
shifted with increasing Co atoms. The dispersion energies reveal anisotropic behavior of electronic
energy levels. The density of states manifests strong electronic interaction between Co and Fe atoms.
The spin polarization is mainly attributed from the exchange interactions among electronic spins,
which confirms the strong electron-electron interactions. Subsequently, spin polarization induces
spin magnetic moments. Minority spin states are dominant for Fe; _,Co, alloy, which significantly
changed the electronic properties. Moreover, Elastic constants confirm that all the phases of Fe; _,Coy
alloy are mechanically stable, and the higher elastic modulus manifests better performance of the
resistance to shape change and against uniaxial tensions. The optical properties of FeCo alloy exhibit
strong interrelation with atomic composition of Fe and Co. The loss spectra reveal high plasmonic
resonance that can be chemically tuned through atomic composition. The spin magnetic moments
and high plasmonic resonance make the Fe; ,Co, alloys as the prominent mechanically stable
materials for magneto-optical applications.

1. Introduction

Spin-polarized computations within the framework of density-functional theory (DFT) are a powerful
technique to understand the electronic structure of transition metals. The fundamental development of spin
density functional theory by Barth et al and Pant et al are reported [1, 2]. The transition metals (Fe, Co, and Ni)
alloys and compounds have seemed as materials of extensive importance and opened up significant scopes in
many fields of materials science and engineering [3]. The spin polarized DFT can illustrate remarkable picture of
electronic exchange-correlation owing to spin interactions of alloys. Though the alloys have no band-gap,
however, the electronic energy levels exhibit significant change in position in Brillouin zone as well as in Fermi
level for various concentrations.

FeCo alloys have greater attraction due to its rich physical and chemical properties. Such as ferroelectricity at
room temperature, high Curie temperature, high magnetic moments, and mechanical hardness, etc For these
properties, FeCo alloy can be promoted for various technological applications for instance, transformer core,
electric motor, pole-pieces, high density magnetic recording, biomedicine, drug delivery, magnetic resonance
imaging, magnetic hyperthermia and specially data storage and so on [4-11]. Elasticity is the embryonic
property of solid materials that is essential in numerous areas spanning of materials selection in mechanical
design. In addition, the elastic property is important to build up relationship between materials deformation and
stress. The elastic anisotropy of solid materials is the dependency of elastic modulus. The anisotropic behaviors
of solid materials have an important implication in engineering science and technology as well as condensed
matter physics.

© 2020 The Author(s). Published by IOP Publishing Ltd
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(b) bee FeCo (¢) Supercell for Fep.75C00.25

Figure 1. Crystal structures of (a) bee Fe, (b) bec FeCo, and (¢) Feg 75Coy 55 supercell.

Many experimental research have been performed on structural and magnetic properties of FeCo alloys
[10, 12, 13]. However, based on composition, only a very few computational studies have focused on electronic,
magnetic, and mechanical properties. In addition to that the optical properties are rarely reported. For example
the electronic properties of ordered-disordered FeCo binary alloy have been reported through various
approximations such as coherent potential approximation (CPA) and local spin density approximation (LSDA),
tight binding approach, linear combination of atomic orbitals theory in combination with CPA methods etc
[10, 14, 15]. The calculated elastic constant through approximation of tight binding recursion using Born-Mayer
repulsive potential, electron exact muffin-tin orbitals method in combination with the CPA and DFT methods
are found in literature [14—-16]. The FeCo alloy is considered as chemically disordered materials and it manifests
peculiar physical and chemical properties through possessing different atomic composition.

In this study, we have demonstrated the electronic structure, mechanical, and more importantly the optical
properties of the Fe; _,Coy alloy (x = 0.00, 0.05,0.10, 0.15, 0.20, and 0.25) by substituting Co atom on body-
centered cubic Fe crystal. The electronic structure has been computed using spin polarized DFT through
generalized gradient approximation (GGA) approached plane wave ultrasoft pseudopotential. The density of
states (DOS) demonstrates the spin-electronic exchange interaction critically. The large spin interaction appears
for highly disordered alloys and shows induced spin magnetic moments. The elastic constants, bulk modulus,
shear modulus, Young’s modulus, Poisson’s ratio and anisotropic factor have also been presented through
stress-strain technique. The optical loss spectra manifest large optical kerr effect owing to bulk plasmonic
resonance at the material dielectric interface. The plasmonic resonance frequency of Fe, _,Coy alloys can be
tuned chemically through controlling atomic composition, which makes the Fe; _Coy alloy as a suitable
material for magneto-optical applications.

2. Crystal modelling

The electronic, mechanical, and optical properties of Fe; _,Coy alloys have been computed through first
principles techniques based on density functional theory employed in Cambridge serial total energy package
(CASTEP) code [17]. The crystallographic structural unit cell of FeCo alloy is body-centered cubic (bec) in which
the Fe atoms occupied primitive cubic sites and Co atom appears at the center of the unit cell. In these
computations, 2 X 2 X 5 supercell of bcc Fe have been used and Fe atoms substituted by Co atoms
systematically to optimize the ground state energies of disordered Fe, ,Co, alloy (x = 0.00, 0.05, 0.10, 0.15,
0.20 and 0.25) (figure 1). The supercell structure of Fey ;75Coy 25 is shown in figure 1(c). The energy cut-off and
number of k-points have been used to measure how well one discrete grid has appointed the continuous integral.
The interactions among valence electrons and ions are considered using the Vanderbilt type ultrasoft
pseudopotential (UPP) formalism [18-20]. UPPs attain much softer pseudo-wave function, which considerably
used fewer plane waves for calculations of the same accuracy. To obtain the ground state optimization, we have
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Figure 2. Band structures of Fe; _Coy alloy. Red solid line and blue dashed line indicate the energy levels due to up-spin and down-
spin states, respectively.

utilized the Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization techniques [21]. The optimizations were
performed through plane wave energy cut-off and Monkhorst—Pack [22] grid parameter for sampling of the
Brillouin zone. The GGA of the Perdew—Burke—Ernzerhof (PBE) formalism is used to evaluate the exchange-
correlation energy [23]. Optimization is operated using convergence thresholds of 10> eV /atom for the total
energyand 10~ A for maximum displacement. Maximum force and stress are 0.03 eV A" and 0.05 GPa
respectively for all the calculations. The elastic constants are carried out through ‘stress-strain’ techniques. The
elastic properties such as the elastic constants, bulk modulus and shear modulus are computed as employed in
CASTEP code. All computations have been carried out through zero applying pressure.

3. Results and discussion

3.1. Electronic structures

3.1.1. Band structures

The electronic band structures have been computed to understand the electronic behavior and the electronic
dispersion properties of the Fe; _,Coy alloys. The properties of the material can be understood by identifying the
characteristics of dominant bands near the Fermi level, and their energy etc. The electronic energy bands of
Fe,_,Coy alloy along the high symmetry directions (X-R-M-G-R) of the Brillouin zone in the energy range from
-4to +4 eV are presented in figure 2. The Fermilevel, Ey is taken as the reference point and set to zero at the
energy scales. It is seen from figure 2, that the valence band and conduction band are overlapped that confirms
the metallic-like behavior of the alloys [24].

The asymmetric formation of energy bands confirms that the electronic states are polarized. At X-point, the
electronic states of disordered alloys shift to lower energy compared to x = 0.00 and consequently, electronic
properties indicate down-spin dominant nature of the alloys. The electronic states are slightly shifted with
increasing Co content. The G-point also exhibits the peculiar features of spin polarization of the electronic
bands. The dispersion along G-point is highly asymmetric. In addition, the band structure shows strongly
anisotropic features with characteristics energy dispersion along the axial axes. The electronic dispersion along
M-G directions is more complex than that of X-R directions. The electrical conductivity is anisotropic for these
alloys, i.e., the electrical conductivity owns different values in each crystal plane [10].

3.1.2. Density of states (DOS)

The DOS manifests the number of electronic states per unit energy interval. All calculations carried out by
choosing Fermi level position as the reference point. The DOS of Fe; _,Coy alloy is shown in figure 3. It is seen
from figure 3, that the DOS exhibits non-zero values at Fermi level, Eg. These non-zero values of DOS manifest
the overlap of valence band and conduction band. Thus, Fe, ,Co, alloy reveals the metallic nature which is
expected for this type of bimetallic alloy [ 10, 24, 25]. Moreover, the spin densities around the Fermi level possess
some values that demonstrates the polarization of these bands as well that also attests the energy dispersion along
the polarization direction as shown in band diagram (figure 2). Spin magnetic moments are induced due to
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Figure 3. Density of states of Fe, _,Coy alloy as a function of energy. The total DOS are plotted in positive scale and negative scale is
taken for spin DOS. The vertical long dashed line indicates the Fermi level, Ey.
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Figure 4. Schematic spin orientations of Fe>" and Co® " ions, (a) low spin states and (b) high spin states.
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Table 1. Total density of states, spin densities and spin magnetic moments of Fe; _,Co, alloy.

Up-spin DOS Down-spin DOS Spin magnetic moments
Concentration of Co,x ~ TDOS (States/eV) (States/eV) (States/eV) (pp)
0.00 1.86 1.32 0.53 1.48
0.05 2.13 1.18 0.56 1.27
0.10 2.20 1.15 1.04 0.48
0.15 2.07 1.03 1.02 0.14
0.20 2.08 1.13 0.94 0.64
0.25 1.26 0.51 0.75 0.73

polarization of these energy bands. The DOS around the Fermi level mainly comes from hybridization of 3d

electronic orbitals of Fe and Co atoms. The total and spin DOS are tabulated in table 1.

The total DOS increases with increasing Co concentrations up to 0.10, then it decreases (table 1). According
to crystal field theory, hybridized d-orbital 4,2 and d,>_,: possess higher energy than d,, dx., d,, and repels each
other. A geometrical spin orientations Fe** and Co*" are shown in figure 4. It is seen that the d 2 and d,>_ 2
orbitals are unoccupied for Fe low spin states, while Co has one more up-spin electron than Fe. Besides, the all
orbitals are occupied in high spin states and Fe* " has one more spin than Co**. The bcc Fe and Co are atomically
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Table 2. The elastic constants, bulk modulus, B shear modulus, G Young’s modulus, Y (all are in GPa), G/B ratio,
Poisson’s ratio, ¥ and anisotropy factor, A of Fe; _,Co, alloy.

X Cn Cpa (O B G Y G/B v A

0.00 295.67 159.03 126.12 204.57 98.61 254.88 0.48 0.29 1.85"
0.05 289.10 159.47 116.22 202.68 91.94 239.59 0.45 0.30 1.79
0.10 275.54 161.32 125.50 199.39 91.50 238.08 0.46 0.30 2.20
0.15 282.74 161.50 132.37 201.92 96.75 250.28 0.48 0.29 2.18
0.20 301.42 168.72 142.34 212.95 104.78 270.05 0.49 0.29 2.15
0.25 307.20 162.27 143.35 210.58 109.02 278.92 0.52 0.28 1.98

a[15].

saturated ferromagnets and Co has slightly higher electron negativity than Fe atoms. The local moment induces
from intra-atomic exchange interactions between Fe and Co atoms. The electronic state splits and exchange
interaction increases during the formation of Fe; _,Coy alloy. At Co concentration, x = 0.15, the local moments
of Co affect the minority states that indicates an electronic transition state. The crystal field is attributed at
transition state and the electronic moments transform from low-spin to high-spin states owing to direct
repulsion of the d,2 and d,2_ - orbitals [3]. Consequently, electronic state increases, but the spin magnetic
moment decreases. The spin magnetic moment is determined from the dissimilarity of the up-spin and down-
spin states, which indicates the ferromagnetic nature of the Fe; _,Coy alloys as shown in figure 3. The high spin
manifests the exchange interactions of electronic energy states and confirms strong electron-electron
interactions. However, it is seen from table 1 that the total DOS decreases as well as spin magnetic moment
increases with substituting Co content from 0.20 to 0.25, which can be explained by Stoner criteria of
ferromagnetism [26]. The spin states of Fe and Co can be changed from low to high due to increasing degree of
disordered of the crystal. According to Stoner criteria, exchange interaction decreases due to the dispersion
relation between up-spin and down-spin electrons where the electron-electron interaction is disregarded.

3.2. Mechanical properties

The mechanical properties have been computed through determining elastic constants. The elastic
constants, Cj; can be defined as the second derivatives of the ground state energy with respect to strain
components. Any symmetry present in the structure may make some of these components equal and other
may be fixed at zero. So, a cubic crystal has only three different symmetry elements (C,;, C;, and Cyy), each of
which represents three equal elastic constants (C;; = Cy; = C33;Cpy = Cy3 = C315Cyy = Cs5 = Cgg). Nye
reported a full account of the symmetry of stress, strain and elastic constants [27]. A single strain with non-
zero first and fourth components can give stresses relating to all three of these coefficients, yielding a very
efficient method for obtaining elastic constants for the cubic system. The elastic constants described the
response of a material to an applied stress. They provide a link between the mechanical and dynamic
information concerning the nature of the forces operating in solids, especially for the stability and stiffness of
materials [28, 29]. The mechanically stable phases or macroscopic stability are dependent on the positive
definiteness of stiffness matrix. For the stability of cubic lattices, the following conditions known as the Born
criteria [30] must be carried out: C;; > 0, C;,—C;> > 0, Cyy > 0.Our calculated elastic constants
completely satisfy the above conditions, indicating that the all phases of Fe; _,Coy alloy are mechanically
stable. Further, the calculated bulk modulus, B and shear modulus, G allow us to obtain the Young’s
modulus, Yand the Poisson’s ratio v as Y = 9BG/(3B + G)and v = (3B — 2G) /2(3B + G) respectively.
The elastic constants, bulk modulus, B shear modulus, G Young’s modulus, Y (all are in GPa), G/B ratio,
Poisson’s ratio, ¥ and anisotropy factor, A of Fe, ,Coy alloy have been tabulated in table 2. The calculated
results are consistent with reported values [15]. The Young’s modulus is defined as the ratio between stress
and strain and is used to provide a measure of stiffness, i.e., the larger the value of Y, the stiffer the material.
We noted that the Young’s modulus, Y of possesses large values that shows a better performance of the
resistance to shape change and against uniaxial tensions.

Itis vivid from table 2 that, the materials become harder with increasing Co content. The ductility of a
material can be roughly estimated by the ability of performing shear deformation, such as the value of shear-
modulus to bulk-modulus ratios. Thus, a ductile plastic solid would show low G/B ratio (<0.5); otherwise, the
material is brittle [31]. The calculated G/Bratio is less than 0.5 except x = 0.25, for these investigated materials.
So, the alloys are ductile plastic solid while Fe, ;5Coq ,5 is brittle.

Elastic anisotropy study is an important part for materials design. Therefore, it has a significant role in
engineering science due to the possibility of creation and propagation of microcracks in the crystals. The elastic
anisotropic factor is calculated as, A = 2Cy /(C;1 — Cp). The anisotropic factors are well consistent and good
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agreement with reported values [32, 33]. The anisotropy gives an account of the ratio of the extreme values of the
orientation-dependent shear modulus.

3.3. Optical properties

The optical properties of materials can be described entirely by complex dielectric function

e(w) = g(w) + ig(w), which correlated with interactions of photons and electrons at all frequencies. The
imaginary part &,(w) of dielectric function can be calculated from the momentum matrix elements between the
occupied and unoccupied wave functions, which is given by,

47%e?

o) = (W)ZJ [iMal PHQ0= £)8(Es - B — w)dk M

where, M, is the dipole matrix, 7and j are the initial and final states, respectively, f; is the Fermi distribution
function for the i-th state, and E; is the energy of electron in the i-th state. The real part ¢, (w) of dielectric
function can be evaluated from ¢, (w) using Kramers-Kronig relations [34] as follows

w'ey(Whdw'
(w/2 _ wZ)

2 o0
a(w) =1+ ;Pfo @)

where, Pimplies the principal value of the integral. Optical parameters can be calculated from the knowledge of
both the real and imaginary parts of the dielectric tensor. The optical parameters (dielectric function, refractive
index, loss function, reflectivity, and extinction coefficient) of Fe; ,Co, have been calculated as a function of
incident photon energies up to 25 eV for [100] polarization direction. For the metallic compounds both inter-
band and intra-band transitions contribute to dielectric functions. A Drude term with unscreened plasma
frequency, 3 eV and damping, 0.05 eV has been used to enhance the low energy part of the spectrum.

The dielectric function explains how a material response to the electromagnetic radiation, in particular to
visible light. Both the real and imaginary part of dielectric function are shown in figures 5(a) and (b), respectively
as a function of incident photon energy. The dielectric function attests the metallic nature of the material as
depicted earlier in section 3.1. The real part of dielectric function decreases with increasing photon energy up to
ultraviolet region. The negative value of the real part of dielectric function reveals that it shows the intraband
Drude-like characteristics. The imaginary part of dielectric constant shows characteristic peaks for disordered
Fe; ,Co, alloys at lower energy part. The peaks become wider with high Co content and it indicates the optical
transition between Fe (3d) to Co (3d) states. At high energy region, the real part of dielectric function becomes
almost constant and the value of imaginary part possesses very close to zero. It manifests itself the material is
optically anisotropic. The dielectric formalism is mainly arises from electronic polarization. The simulated
reflectivity for different concentration of Fe; ,Co, alloy are presented in figure 5(c). The reflectivity of the
disordered Fe, ,Coy alloys are slightly increasing with substituting Co atoms up to ~20 eV. The real part of
refractive index determines the phase velocity and the imaginary part determines the amount of absorption loss
when an electromagnetic wave passes through the materials. It is seen in figure 5(d) that the real part of refractive
index sharply decreased in low energy region up to 5 eV. Moreover, extinction coefficient linearly increased at
low energy region and shows characteristics peaks at ~4.2 eV as shown in figure 5(e). Then it decreases that
indicates how incident energy absorbed in the materials. The maximum extinction coefficients found for
x = 0.25 Co content.

The computed energy loss spectra are shown in figure 5(f). The energy loss spectra of materials are very
important parameter in the dielectric formalism, which is useful to understand the screened excitation spectra,
especially the collective excitations produced by the swift charges inside the solid. Loss function refers to the fast
electron traversing in a material. Hence, the loss function analysis is most important in materials study. The
highest peak of the energy loss spectrum appears due to bulk plasmonic excitation at a particular incident
photon energy as well as the corresponding frequency known as the bulk plasma frequency. The loss function is
correlated with optical reflectivity. The bulk plasmonic excitation appears at the corresponding energies, where
material exhibits highest reflectivity. In loss spectrum, the plasmonic resonance frequency is located at 20 eV for
x = 0. Theloss spectrum reveals quite different picture for disordered Fe, ,Co, alloys. The plasmonic
resonance frequency becomes shifted left with increasing substitution of Co atoms. It indicates the plasmonic
excitations at the metal-dielectric interface due to optical transition of Co/Fe electrons from p to d states instead
of absorbing high energy photons. For Fe 75Coy »5, bulk plasmonic excitation appears at 19.2 eV with high loss
function than Fe. These types of loss spectroscopy manifests that the material is applicable for guiding of light
below the diffraction limit (near-field optics), non-linear optics, biosensors etc [35]. In addition, the peaks of loss
spectrum indicate the large magneto-optical kerr effect (MOKE) which is expected for high density magneto-
optical devices [36].
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Figure 5. Calculated optical parameters (a) real part of dielectric function, (b) imaginary part of dielectric function, (c) reflectivity,
(d) refractive index, (e) extinction coefficient, and (f) loss function as function of incident photon energy, E (eV).

4. Conclusions

The effects of composition on the electronic structures, mechanical, and optical properties of disordered
Fe;_Coyalloy withx = 0.00, 0.05, 0.10, 0.15, 0.20, and 0.25 have been reported through plane wave ultrasoft
pseudopotential approached spin-polarized density functional theory. The density of states manifests strong
electron-electron interactions and polarization of electronic states. The electronic states are polarized due to
exchange interactions of spins and induce spin magnetic moments. The high spin configuration appears with
increasing Co content. The high spin moment makes the Fe; _,Co, alloys as a promising candidate for magnetic
valves, magnetic random access memory, solid state capacitor and so on. Moreover, the Fe; ,Co, alloys are
mechanically anisotropic. The calculated elastic modulus shows the materials are stiffer with increasing Co
content. The results are well consistent with reported theoretical and experimental values. In addition, the

optical parameters are significantly changed with atomic composition. The bulk plasmonic resonance frequency
of Fe; ,Co, alloys can be tuned chemically through controlling atomic composition, which makes the Fe; ,Coy
alloy as a suitable material for magneto-optical applications.
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